A direct numerical simulation of the shock/turbulent boundary layer interaction flow in a supersonic 24-degree compression ramp is conducted with the free stream Mach number 2.9. The blow-and-suction disturbance in the upstream wall boundary is used to trigger the transition. Both the mean wall pressure and the velocity profiles agree with those of the experimental data, which validates the simulation. The turbulent kinetic energy budget in the separation region is analyzed. Results show that the turbulent production term increases fast in the separation region, while the turbulent dissipation term reaches its peak in the near-wall region. The turbulent transport term contributes to the balance of the turbulent conduction and turbulent dissipation. Based on the analysis of instantaneous pressure in the downstream region of the mean shock and that in the separation bubble, the authors suggest that the low frequency oscillation of the shock is not caused by the upstream turbulent disturbance, but rather the instability of separation bubble. compression ramp, shock/turbulent boundary layer interaction, direct numerical simulation, shock oscillation
Introduction
The supersonic compression ramp flow, as a typical model for studying the shock/turbulent boundary-layer interaction (STBLI), is a key flow in the scramjet inlet. The mechanism study of this flow is valuable in terms of both theories and application. During more than half a century study, large amount experimental data has been published [1] . In recent years, with the demand of hypersonic aircraft, the mechanism study of supersonic compression ramp flow becomes hot again. Besides experiments, numerical simulations also serve as a powerful tool to study the mechanism of STBLI, especially, the direct numerical simulation (DNS). The DNS without using any turbulence model will involve no modeling error. Additionally, the DNS can provide all the time-spatial messages of the complicated flow, which is very useful in the mechanism study. The geometry of a compression-ramp is simple, but the flow in a supersonic compression-ramp is rather complicated, which contains turbulence, transition, flow separation, shock waves and the interactions of these factors. The multi-factors pose great difficulties to DNS. Because the flow separation is very sensitive to numerical viscosity, the simulation requires the numerical dissipation to be very small, and the grid resolution to be high. Thus, the published DNS reports of STBLI are very few.
To the author's knowledge, Adams et al. [2, 3] performed the first DNS of supersonic compression ramp flow. However, limited by the computing power, the Reynolds number of DNS cannot be as high as that of the experiment, and there is no direct comparison with the experiment result in the DNS used by Adam. Bookey et al. [4] performed an experimental study of STBLI. Different from the previous experiments, low-density gas was used as a work medium in The oscillation of separation shock is an important feature of the shock/turbulent boundary layer interaction (STBLI). Experimental research studies report that the oscillation has two different characteristic frequencies [1, 6] . The time scale of the high-frequency oscillation is ( / ), O U δ ∞ while that of the low-frequency oscillation is ,6] , where δ is the thickness of the upwind boundary layer and U ∞ is the free-stream velocity. The mechanism of high-frequency oscillation is deemed as the effects of boundary layer turbulent disturbance or the effects of the upstream coherent structures in the turbulent boundary layer. However, the time scale of low-frequency oscillation is much larger than that of the turbulent disturbance (or the coherent structures). Ganapathisubramani et al. [7] have found that there are coherent structure clusters (so-called "super-structures") in the turbulent boundary layer and deemed that the clusters play an important role in the low-frequency oscillation of the shock. Wu et al. [8] believe that the upwind boundary layer disturbance (including the super-structures) cannot cause the shock's low-frequency oscillation, since the correlation between the shock oscillation and the upstream disturbance is very low. They suggest that the downstream region (separation bubble) is the cause of shock's low-frequency oscillation. The reason for shock's low frequency oscillation is still unclear. This paper has made a direct numerical simulation (DNS) of shock/turbulent boundary layer interaction (STBLI) flow in a 24-degree compression ramp with free stream Mach number 2.9. The flow parameters chosen are close to Bookey et al.'s experiment [4] . Different from Wu et al.'s simulation [5] , the wall blow-and-suction disturbance in the upwind wall boundary is used to trigger the transition. Based on the analysis of instantaneous pressure in the downstream region of the mean shock and that in the separation bubble, the authors suggest that the low frequency oscillation of the shock is not caused by the upstream turbulent disturbance, but rather the instability of separation bubble. The turbulent kinetic energy budget in the separation region is also analyzed in this paper.
DNS setup
As shown in Figure 1 , the computing model is supersonic flow over a 24-degree ramp, and the computational domain is also shown in this figure. The computational domain is 335 mm 51.6 mm − ≤ ≤ x streamwise (x=0 denote the corner point), L y =35 mm in the wall-normal direction and 0 14 ≤ ≤ z mm in the spanwise direction. The inlet of the computational domain is located at the 200 mm downstream leading edge of the flat-plate, and the inlet boundary condition is set by using the laminar profiles of flat-plate boundary layer flow. In the current simulation, we first simulate the two-dimensional laminar flow over a flat-plate with the leading edge, then save and use the profiles of density, velocities and temperature at the 200 mm downstream leading edge as the inlet boundary conditions of the three-dimensional simulation. To trigger the transition, we impose the blow-and-suction perturbation on the wall at −305 mm 285 mm ≤ ≤ − x (For the detail of the perturbation, see ref. [9] [10] [11] ). The amplitude of the perturbation is set as A=0.1. Since the perturbation is strong enough, the transition is a bypass-type transition. Table 1 shows the free-stream conditions and the condition at the location x=−30 mm, which is in the upstream separation bubble, where , θ δ and C f denote the momentum thickness, nominal thickness (99%) and skin friction coefficient at x=−30 mm. 
